ABSTRACT: This paper describes tests on various types of knee joints for steel portal frames constructed from cold-formed rectangular hollow sections (RHS) to examine the ability of the connections to form plastic hinges. Welded stiffened and unstiffened knee joints, bolted knee joints with end plates, and connections with a fabricated internal sleeve were included in the experimental investigation. Most connections tested under opening moment failed by fracture in the heat-affected zone of the RHS near the weld. The connections tested under closing moment failed by web local buckling, which occurred near the connection. While the stiffened and unstiffened welded connections satisfied the strength interaction requirements in the available design guides, the connections did not maintain the plastic moment for sufficiently large rotations to be considered suitable for a plastic hinge location. The unstiffened welded joints were not able to reach the plastic moment. The use of an internal sleeve moved the plastic hinge in the connection away from the connection center-line and reduced the stress on the weld between the legs of the connection. It was found that sleeve connections were capable of sustaining the plastic moment for large rotations considered suitable for plastic design.
INTRODUCTION
In plastic design of steel structures, hinges form and must be capable of reaching the plastic moment (M p ) and maintaining M p for a suitably large rotation. Rotation capacity (R) is a measure of how much a hinge can rotate. Plastic hinges can often be required to form at the connections of frames. Local effects may reduce the rotation capacity of a connection compared to the rotation capacity of the member itself. In the portal frame shown in Fig. 1 , a plastic hinge may form in the knee connection (sometimes referred to as an L-joint) between the column and the rafter. Under the gravity loads shown in Fig. 1 , the knee connection experiences a closing moment. However, under wind uplift loading, the connection experiences an opening moment.
Plastic design in cold-formed rectangular hollow sections (RHS) is permitted in the AISC LRFD (Load 1994) , but is specifically excluded by the Australian Standard AS 4100 (''Steel'' 1998) , and most cold-formed RHS do not satisfy the material requirements for plastic design in Eurocode 3 (''Design '' 1992) . This paper describes part of a project investigating the suitability of cold-formed RHS for plastic design and specifically examines the ability of knee connections to form plastic hinges.
PREVIOUS RESEARCH AND CURRENT SPECIFICATIONS
The recently produced AISC/STI/AISI Hollow Structural Sections Connections Manual (Hollow 1997) does not include the knee connection.
The only current design recommendations for portal frame knee connections in RHS have been produced by CIDECT (Comité International pour le Developpement et l'É tude de la Construction Tubulaire) (Packer et al. 1992) . The design guide includes suggested details for stiffened and unstiffened welded knee connections suitable for a rigid portal frame. The CI-DECT recommendations are based on tests by Mang et al. (1980) It was specified in the CIDECT guide that the shear force in the connection should be limited by
where V p = and is the plastic shear yield capacity 2dtF / 3 ͙ y of the section.
There has been recent research on the static behavior of knee joints made from circular hollow sections (CHS) (Mang et al. 1997 ) and the fatigue behavior of knee connections in both RHS and CHS (Puthli et al. 1998) .
MATERIAL PROPERTIES

RHS Properties
Tests by Wilkinson and Hancock (1998b) showed that 150 ϫ 50 ϫ 4.0 RHS had exhibited rotation capacity in pure bend- (''Structural'' 1991) . The equivalent American specification is ASTM A 500 (''Standard'' 1993) . The Grade C450 specimens are known as DuraGal sections, produced using a proprietary cold-forming and in-line galvanizing process. Fig. 2 shows the cross section of an RHS and defines the dimensions d, b, t, and r e (depth, width, thickness, and external corner radius) of the section.
Tensile coupons were prepared and tested in accordance with AS 1391 (''Methods'' 1991) . Since the steel was coldformed, the yielding was gradual. The average of the 0.2% proof stress from both of the adjacent faces was used in all calculations. The yield stress of the opposite face was on average 10% higher than that of the adjacent faces, and the yield stress of the corners was approximately 10% higher than that of the opposite face. The variation was a result of the coldforming process and has been previously identified (Centre 1992) . Fig. 3 shows the typical stress-strain behavior of coldformed RHS. Full details of the coupon tests are available in Wilkinson and Hancock (1998a) . Table 1 summarizes the values of F y , F u , and the percentage elongation at failure e f .
Plate Properties
The 10 mm steel plate in the connections was Grade 350 to Australian Standard AS 3678 (''Structural'' 1990). The plate had nominal yield stress F yn = 360 MPa and nominal ultimate tensile strength F un = 450 MPa. The measured material properties were yield stress F y = 382 MPa and ultimate tensile strength F u = 485 MPa.
Bolt Properties
High-strength structural bolts (M16: Grade 8.8: nominal minimum tensile stress F uf = 830 MPa) manufactured to Aus- (''High'' 1981) were used in the bolted end plate connection. Standard structural grade bolts (M16: Grade 4.6: F uf = 410 MPa) to Australian Standard AS 1111 (''ISO Metric '' 1980) were employed in the bolted sleeve joint.
CONNECTION DETAILS
The dimensions and material properties of all connections tested are given in Table 1 .
Stiffened Welded Connection (SW)
The stiffened welded (SW) connection was based on the knee joint in the CIDECT design guide (Packer et al. 1992; Mang et al. 1980) . One end of each leg of the connection was cut at an angle of 52.5Њ to create a total of 105Њ. A 10 mm stiffening plate was welded between the two legs. Different welding procedures were used, incorporating butt and fillet welds. The stiffening plate protruded 10 mm from each face of the RHS, as indicated in Fig. 4 . The acute angle between the plate and the RHS on the inside corner of the knee (Detail B of Fig. 4 ) was difficult to weld. An alternative detail was adopted in which the plate did not extend beyond the inside corner of the knee (Alternative Detail B of Fig. 4 ).
Unstiffened Welded Connection (UW)
The CIDECT design guide included an unstiffened mitred knee connection, denoted type UW. The UW connection is almost identical to the stiffened joint, except that the two legs are butt welded directly together without a stiffening plate. The detail is shown in Fig. 5 .
Bolted End Plate (BP)
The bolted end plate connection is denoted type BP. One RHS leg of the connection was mitre cut 15Њ. A 10 mm thick steel plate was butt welded onto the mitred end. An identical plate was welded to the flange of the other RHS leg, which was not mitred. The two sections were bolted together with eight fully tensioned high-strength bolts. Stiffeners under the flange plate were employed against local bearing failure of the RHS web. Fig. 6 shows the details of the BP joint.
Welded Internal Sleeve (WS)
An internal hollow steel sleeve was fabricated to fit inside the mitred knee connection and is called type WS. Two ''L''-shaped pieces of 10 mm steel were profile cut at the same angle (105Њ) as the whole joint. Flange plates were fillet welded to these pieces to create a box section. A groove was cut into the sleeve to allow for the internal seam weld of the RHS. The sleeve was slightly oversized so that sledgehammer blows were required to insert it into the RHS, and ensured that load could be transferred mainly by friction. The sleeve thick- ness was chosen so that the plastic moment of the sleeve itself was slightly larger than the plastic moment of the RHS. Finally, the two legs were butt welded together with the sleeve acting as a backing plate for the weld. It was anticipated that the weld would not carry significant load, since friction and bearing would transfer the load from the RHS into the sleeve. The WS connection is shown diagrammatically in Fig. 7 .
Bolted Internal Sleeve (BS)
The internal sleeve in this connection (denoted type BS) is almost identical to the sleeve in the WS connection described above. However, the two RHS legs were not welded together. Four 4.6 Grade M16 bolts passed through each leg and the internal sleeve. Details of the joint are given in Fig. 8 .
WELDING PROCEDURES
Welding procedures were prequalified by Clause 4.3 of Australian/New Zealand Standard AS/NZS 1554.1 (''Structural'' 1995) . The equivalent American standard is AWS D1.1-96 (Structural 1996) . The welding procedures are available in Wilkinson and Hancock (1998a) .
TEST PROCEDURE
Tests were performed in a 2000 kN capacity DARTEC servocontrolled universal testing machine, as shown in Fig. 9 . Load was applied through pins inserted through the webs of the RHS, which produced either a closing or an opening bending moment about the major principal x-axis at the joint centerline. A constant crosshead speed of 0.03 mm/s was used at all times.
RESULTS
General
The results of the knee joint tests are summarized in Tables  1 and 2 , which show the measured dimensions and mechanical properties of the specimen. P max in Table 1 is the maximum (vertical) load applied by the testing machine. The maximum second-order moment (M max ) reached at the knee and the maximum axial force (N max ) and shear force (V max ) induced at the connection are listed in Table 2 . N max and V max were obtained from a first-order elastic analysis of the joint and the applied load. The maximum design actions are compared to M p , the squash load (N y = A g F y ), and V p . The maximum loads are static loads, which represent the recorded load after the testing machine had been halted for approximately 1 min. The rotation capacity based on the connection rotation (R ␣ ), the heat input during the welding, and the interaction factor ␣ knee (1) are listed.
Failure Modes
The mode of failure of each specimen is stated in Table 2 and illustrated in Fig. 10 .
Under closing moment, web local buckling was the failure mode in all cases. For the unstiffened connection the buckle formed across the butt weld. Local buckling occurred on the inside of the knee for all other connection types. The buckle formed in the lower leg adjacent to the stiffening plate for all stiffened welded joints and the bolted end plate connection. For both the welded and bolted sleeve joints, the buckle formed just outside the limit of the sleeve, while on the opposite tension face, the sleeve had pushed against the inside face of the flange of the RHS and caused a small outward bulge in that face. As the load increased on the bolted sleeve connection, the two legs of the connection separated at the sleeve. Out-of-plane deflections were not observed in any test.
Most tension (opening moment) joints failed at or near the weld on the inside of the knee. Tube fracture occurred in the FIG. 11(b) . Definition of Rotation for Sleeve Joints
FIG. 11(a). Definition of Rotation for Knee Connections
heat-affected zone (HAZ) next to the weld. Fracture always began in the corner of the RHS. Since the corners are considerably less ductile than the flat portions of the RHS, it is not unexpected that the fracture began in the corners of the RHS. For the sleeve connections, there was bearing from the sleeve onto the inside of the flange of the RHS as the load was applied. A bulge was evident in the flange. The bulging (internal bearing) caused a fracture in the RHS tube for the welded sleeve at the same time that a local buckle formed just outside the region of the sleeve. In the bolted sleeve connection, the sleeve itself fractured. Out-of-plane deflections were not observed in any test.
Moment-Rotation Curves
The distribution of bending moment in the specimens is nonuniform, and the location of maximum curvature (or the plastic hinge) was difficult to predict. A measure of the rotation capacity was devised by considering the rotation of the plastic hinge, which could be calculated from the deformation of the specimen.
In Fig. 11(a)(i) , the angle of the undeformed member (␣ 0 = 105Њ) is shown. Using a first-order elastic analysis, the angle (␣ p ) at which the plastic moment is reached at the connection center-line is given in Fig. 11(a) (ii). Fig. 11(a)(iii) shows the angle at any load (␣ d ) after the plastic moment has been reached. Each angle is calculated assuming that all rotation occurs at a single point at the joint center-line. The normalized rotation is given by (␣)
For the sleeve connection, a different model of rotation is needed, since a plastic hinge forms at the end of the internal sleeve. While the maximum moment still occurs at the connection apex, since the sleeve locally stiffens and strengthens the section, the curvature concentrates just outside the sleeve region. The rotation model for the sleeve connection is shown in Fig. 11(b) . Eq. (3) is again used to define for the sleevē ␣ connections.
Figs. 12 and 13 show the normalized rotation versus moment graphs for the joints in compression and tension, respectively, and the rotation capacity based on the rotation (R ␣ ) was Table 2 . For tension tests, R ␣ is defined as R ␣ = Ϫ 1, wherē ␣ f fracture occurred at a normalized rotation of while in com-␣ , f pression R ␣ = Ϫ 1, where the moment drops below M p ␣ 1 at␣ .
1
DISCUSSION
Stiffened and Unstiffened Welded Joints
All stiffened connections reached a moment greater than M p . All sections tested can still be classified as Class 1 or Compact under the presence of bending and compression. The shear force satisfies (2). The unstiffened connections (KJ05 and KJ06) failed at approximately 70-80% of the plastic moment and hence cannot be used at a plastic hinge location.
The strength interaction formula for stiffened and unstiffened connections was given in (1). Table 2 lists the interaction values for the stiffened and unstiffened connections and compares them to the value of ␣ knee . Table 2 indicates that all but one of the welded connections satisfied (1). Specimen KJ05, an unstiffened welded connection under closing moment, just failed to satisfy (1). All sections satisfied the validity ranges given in Mang et al. (1980) . Under closing moment, the 150 ϫ 50 ϫ 4.0 Grade C450 specimens (KJ01 and KJ03) exhibited less rotation (R ␣ ) than the corresponding 150 ϫ 50 ϫ 4.0 Grade C350 specimen (KJ07). The thicker 5 mm specimen in Grade C350 (KJ09) displayed more rotation capacity than the 4 mm thick specimen (KJ07). Only the stiffened welded connections in Grade C350 for both thicknesses (KJ07 and KJ09) were suitable for maintaining a plastic hinge under closing moment for a sufficiently large rotation (R ␣ > 4) suitable for plastic design. Wilkinson and Hancock (1998b) provide a brief discussion on the rotation capacity requirements for plastic design.
The stiffened welded connections under closing moment exhibited less rotation capacity than simple beams under pure bending constructed from the same sections (Wilkinson and Hancock 1998b) , as summarized in Table 3 .
Possible reasons for the reduced rotation capacities of the connections under closing moment compared to beams under pure bending include • Local buckling behavior is different for members under uniform moment compared to members under a moment gradient, as shown by tests of I-section beams (Lay and Galambos 1965; 1967) . • There is net axial compression in the section, which initiates local buckling earlier, compared to bending alone.
• Imperfections induced in the section by the welding process can affect the local buckling behavior of the RHS.
Under opening moment, the failure was always associated with the weld. It is difficult to establish the effect that the different welding procedures had on the rotation capacity of the connections. It has been shown previously that welded connections in C450 DuraGal have less ductility than Grade C350 Hancock 1995a, 1995b) .
HAZ fracture was the main cause of failure in the opening moment tests. The heat input during welding is usually considered an important parameter in assessing the likelihood of HAZ failure. However, specimen KJ02, which was welded by an independent fabricator, had the lowest heat input for the butt-welded specimens, yet had the second lowest rotation capacity. Specimen KJ08 had a large rotation capacity, and did not experience HAZ fracture, but failed eventually by weld tearout and local buckling on the outside of the knee. The detail of specimen KJ08 was slightly modified to Alternative Detail B (Fig. 4) , and the new connection (KJ12) experienced a much lower rotation capacity, despite the fact the new detail was designed to make welding easier. The fillet-welded C450 connection (KJ11) had less heat input than the other Grade C450 specimens and exhibited slightly higher rotation capacity, but still failed by HAZ fracture. Only one specimen (KJ08) showed sufficient rotation capacity to be suitable for plastic hinge formation and maintenance (R ␣ > 4). The variability in behavior meant that it was not possible to guarantee that the rotation capacity could be repeated. There was no trend to suggest that heat input and rotation capacity were directly related.
Bolted Plate and Sleeve Knee Connections
All connections reached a moment greater than M p (of the RHS only). Since the sleeve connections had a much stiffer region at the apex, the maximum moment reached at the center-line is notably higher than M p of the RHS. It is difficult to assess the rotation capacity of the different joints, particularly the sleeve connections. The total deflection of the bolted connection was increased by the opening of the connection at the junction of the two legs. The welded sleeve connection was stiffer than either the bolted sleeve or the bolted plate connections.
Large plastic rotations, much larger than those of the stiffened connections, were achieved by the sleeve connections.
The bolted plate connection (BP) displayed plasticity; however, the problem of weld or HAZ failure under tension loads was not fully overcome. The BP connection exhibited less stiffness in tension compared to compression, caused by the small separation of the two plates during the test.
One major benefit of the welded sleeve connection was that it forced the plastic hinge to form away from the junction of the two RHS. The stress and strain on the weld were reduced as the sleeve transferred most of the load between the two legs of the connection and avoided the fractures near the weld that occurred in the stiffened welded connection.
CONCLUSIONS
The plastic behavior of various types of knee joints constructed from cold-formed RHS for use in portal frames was examined. Welded stiffened and unstiffened knee joints, bolted knee joints with end plates, and connections with a fabricated internal sleeve were included in the experimental investigation. It was found that, under opening moment, there was often fracture in the heat-affected zone of the cold-formed RHS at low rotation values. Under closing moment, web local buckling occurred near the connection.
The stiffened and unstiffened welded connections satisfied the strength interaction requirements in the CIDECT design guide, but did not consistently demonstrate significant plastic hinge rotation. Despite reaching the plastic moment, there was variability in the rotation behavior of the stiffened welded connection under opening moment, while under closing moments there was insufficient rotation prior to local buckling for some of the sections. It is not suggested that the CIDECT design recommendations for stiffened welded L-joints are incorrect, as they were based on tests of hot-formed HSS, but the recommendations may not be suitable for cold-formed hollow sections in plastic design. The unstiffened welded joints were not able to reach the plastic moment. Further examinations of the ductility of welded joints in cold-formed sections is recommended to find alternative connection details, welding procedures, or even steel metallurgy that can improve the performance of such connections and allow them to form plastic hinges. A research project has commenced to investigate the effect of welding on the performance of connections in coldformed steel.
The internal sleeve connections exhibited the most suitable behavior for plastic design. The plastic hinge was moved from the apex of the joint due to the extra strength and stiffness provided by the internal sleeve. The welded sleeve connection provided sufficient rotation capacity to be considered suitable for a plastic hinge location in a plastically designed frame. It is suggested that there could be significant refinement of the internal sleeve connections to allow for the possibility of cheaper production of the internal sleeve joints.
APPENDIX II. NOTATION
The following symbols are used in this paper:
A g = gross cross-section area; b = width of RHS; d = depth of RHS; E = Young's modulus of elasticity; e = eccentricity; e f = strain after failure over gauge length of ; 5.65 S ͙ 0 F u = ultimate tensile strength; F uf = ultimate tensile stress of bolt; F un = nominal ultimate tensile strength; F uw = ultimate tensile stress of weld; F y = yield stress; F yn = nominal yield stress; M = bending moment; M* = design bending moment; M c,Rd = design moment resistance of cross section; M max = maximum bending moment; M p = plastic bending moment; N* = design axial force (tension or compression); N c,Rd = design compression resistance of cross section; N max = maximum axial force in connection; N ri = design section capacity (tension or compression); N t,Rd = design tension resistance of cross section; N y = yield load (=A g F y ); P max = maximum load applied by testing machine; R = rotation capacity; R ␣ = rotation capacity based on rotation; r e = external corner radius of RHS; S 0 = original cross-sectional area of tensile coupon; t = thickness of RHS; V* = design shear force; V max = maximum shear force in connection; V p = plastic shear capacity; ␣ 0 = undisplaced connection angle; ␣ d = connection angle at plastic load P p ; ␣ knee = stress reduction factor for knee connections;
␣ p = connection angle at any load; ␣ = normalized rotation; ␣ 1 = normalized rotation when moment drops below M p ; ␣ f = normalized rotation at fracture (tension); ␣ p = normalized rotation at the plastic moment; = curvature; p = plastic curvature (=M p /EI); f = flange slenderness; and w = web slenderness.
